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Long noncoding RNAs (lncRNAs) have been implicated in numerous cellular processes including brain development. However, the in vivo expression dynamics and molecular pathways regulated by these loci are not well understood. Here, we leveraged a cohort of 13 lncRNAnull mutant mouse models to investigate the spatiotemporal expression of lncRNAs in the developing and adult brain and the transcriptome alterations resulting from the loss of these lncRNA loci. We show that several lncRNAs are differentially expressed both in time and space, with some presenting highly restricted expression in only selected brain regions. We further demonstrate altered regulation of genes for a large variety of cellular pathways and processes upon deletion of the lncRNA loci. Finally, we found that 4 of the 13 lncRNAs significantly affect the expression of several neighboring proteincoding genes in a cis-like manner. By providing insight into the endogenous expression patterns and the transcriptional perturbations caused by deletion of the lncRNA locus in the developing and postnatal mammalian brain, these data provide a resource to facilitate future examination of the specific functional relevance of these genes in neural development, brain function, and disease.
long noncoding RNA | mouse | brain | development | in vivo T he exquisite complexity of the mammalian brain derives from its vast diversity of neuronal and glial cell types (1, 2) . The specification and differentiation of such a variety of cell types during brain development is finely orchestrated spatiotemporally by the regulation of complex transcriptional programs. Increasing evidence points to a role for long noncoding RNAs (lncRNAs) as key regulatory elements of this process. Intriguingly, within the mammalian body, the largest repertoire and diversity of lncRNA genes outside the germ line occurs in the brain (3) (4) (5) (6) (7) (8) (9) (10) , where lncRNAs exhibit regional and cell-specific localization (6, 10) . Although many unanswered questions remain regarding the functional activity and molecular mechanisms of lncRNA loci, the expression patterns of lncRNAs may serve as a proxy signal for important, context-specific biological activity.
A role for lncRNA genes in brain development and function is supported by the fact that ablation of two lncRNA loci, Evf2 and Pantr2 (linc-Brn1b), perturbs neuronal development (11, 12) . Loss of Evf2, a developmentally regulated lncRNA that controls transcriptional activity through cooperation with the homeodomain protein DLX-2 (11), leads to abnormal development and synaptic function of hippocampal GABAergic interneurons (11) . Similarly, ablation of the Pantr2 locus results in a decreased number of intermediate progenitors in the developing telencephalon, reduced neurons in L2/3 of the cerebral cortex, and disorganization of the barrel cortex (12) . Furthermore, human genetic studies have pointed to lncRNAs as potential factors in brain disorders (10, (13) (14) (15) (16) .
To gain preliminary insights into the functional and physiological relevance of lncRNA loci in vivo, we previously generated knockout (KO) mouse models of 18 lncRNA loci by replacing each gene with a lacZ reporter cassette (12) . Here we provide a map of the expression dynamics and regulatory effects of 13 lncRNA loci in the developing and mature brain (Table S1 ). These 13 strains were selected based on expression in embryonic stem (ES) cell-derived neural stem cells (17) and in brain RNAseq datasets (12) . Toward this goal, we first used the knocked-in lacZ reporter gene to determine the spatiotemporal expression profiles of these lncRNAs in the brain. We then performed massively parallel RNA sequencing of embryonic and adult whole brains from wildtype (WT) and KO strains to gain insights into the global transcriptional programs perturbed upon ablation of these lncRNA loci in vivo.
We find that lncRNAs exhibit a dynamic and wide range of expression profiles in the brain, with notable lncRNAs restricted to unique brain regions and cell types. The combined lncRNA expression profiles and gene KO transcriptional profiles generated through this work offer a resource to facilitate in-depth investigation of loci annotated as putative lncRNAs in brain development and physiology.
Results
Embryonic and Adult Expression of lncRNAs in the Brain. A fundamental aspect of evaluating the functional relevance of a genomic locus is to determine when, and in what cellular contexts, it is active. We focused on 13 lncRNA mutant mouse models with evidence of expression in neural stem cells and in the brain (Table S1 ) (12) . We set out to identify and describe the temporal expression of each lncRNA during development at embryonic day (E) 14.5 and in the adult mouse brain (age range 7.6-14.1 wk). E14.5 corresponds to a stage when key brain developmental events are taking place; neurogenesis already has reached its peak in both the nascent diencephalon and the telencephalon (2, 18, 19) . Conversely, by 7-8 weeks of age, all major postnatal developmental milestones have been achieved, including myelination, and the mouse brain can be considered mature (20, 21) .
The incorporation of a lacZ reporter in the targeting constructs of each lncRNA locus KO mouse strain allowed us to determine the precise location of expression of the lncRNA genes using heterozygote mice. We collected whole brains at E14.5 and adult time points for each of the 13 lncRNA mutant strains (Dataset S1). LncRNA expression patterns were assessed by selecting coronal sections collected every 80 μm (E14.5) or 240 μm (adult) and by staining to detect β-galactosidase (β-gal) activity. A series of rostro-caudal images spanning the entire length of the brains from these strains were also collected and made available as Dataset S2.
Of the 13 lncRNA strains analyzed by these methods, 10 showed clear β-gal signal in the adult brain. Consistent with our previous RNA-seq analysis of WT brains and ES cell-derived neuronal stem cells (12, 17) , little or no β-gal expression was observed for Mannr, Halr1, and Trp53cor1 in the adult brain. Among those lncRNA loci with detectable β-gal signal in the adult brain, β-gal activity was also detected at E14.5 for the Lincenc1, Eldr, Pantr1, Pantr2 (12), and Peril loci. Several of these lncRNA genes demonstrated embryonic expression in regions known to give rise to the corresponding β-gal + cell populations seen in the adult. At E14.5, Lincenc1 is expressed in the ventricular zone of the ventral telencephalon (VTel), but not of the dorsal telencephalon (DTel) (Fig. 1A) . In the DTel, Lincenc1 is expressed in the intermediate zone (IZ) and lateral cortical plate (CP) (Fig. 1A, Inset) . At this developmental stage, the lateral CP contains postmitotic neurons destined for the upper layers of the neocortex (22) .
The expression pattern of Lincenc1 at E14.5 is developmentally consistent with its expression in specific structures in the adult brain. Specifically, in the adult, Lincenc1 is expressed at high levels in the upper cortical layers II/III and IV (Fig. 1B) , with highest number of labeled cells distributed in the primary somatosensory (S1) cortex. In this region, expression respects specific laminar and areal boundaries ( Fig. 1 A and B) . For example, Lincenc1 is restricted to layers II/III in the S1 region (representing sensory input from the trunk; S1Tr, Fig. 1B ), whereas its distribution is restricted to layer IV within the S1 barrel field (S1BF, Fig. 1B ). Outside this region, Lincenc1 is expressed in the CA1, CA2, and CA3 fields of the hippocampus and in the dentate gyrus, both in the granular and molecular cell layers and the hilus (Fig. 1B) . Together these findings describe a lncRNA locus with an intricate expression pattern that is established during development and is maintained in corresponding structures of the adult brain.
Eldr is another lncRNA demonstrating correlated expression at E14.5 and in the adult brain. In the E14.5 embryonic brain, Eldr is expressed in the germinal and mantle zones of the VTel (Fig. 1C) . In the adult brain, Eldr + cells are found scattered throughout the neocortex in a pattern resembling that of cortical interneurons, which are developmentally generated in the VTel (Fig. 1D) (23, 24) . In addition, Eldr is expressed in a specific subgroup of cortical layer VI cells lining the subcortical white matter (arrowheads in Fig. 1D, Inset) . Lineage-fate mapping and combinatorial marker analysis will be required in the future to support a direct lineage relationship between Eldr + cells in the embryonic and the adult brain.
Like Eldr, Tug1 expression was observed in scattered cells within the neocortex of the adult brain (Fig. 1F) . However, unlike Eldr, in the embryonic E14.5 brain, Tug1 is expressed, albeit at low levels, only in the developing choroid plexus with no expression detected in the VTel.
The lncRNA Peril shows distinct expression in both the developing and adult brain ( Fig. 1 G and H) . At E14.5, Peril is expressed only in the VTel (Fig. 1G) . In the adult brain, Peril is expressed primarily in the ependymal lining of the lateral ventricle, a region associated with adult neurogenesis (Fig. 1H) (25, 26) . Expression of Peril was also detected in the olfactory bulb and dentate gyrus, albeit at lower intensity (Dataset S2). Interestingly, Peril is located ∼110 kb downstream of the protein-coding gene Sox2, a known neuronal stem cell regulator which is also expressed in similar regions of the brain (27) , suggesting the possible involvement of Peril in the regulation of Sox2 transcription. These results highlight a few specific examples of lncRNAs whose expression maps to specific brain regions through development and into adulthood and that may be poised to exert functional roles for the establishment and function of these structures.
Regional Specificity of lncRNA Expression in the Adult Brain. The majority of the lncRNAs in this study demonstrate some level of expression in the adult brain. Several of the lncRNAs analyzed showed restricted patterns of expression within multiple brain structures in the forebrain, midbrain, and hindbrain. Specific examples include the lncRNAs Ptgs2os2, Crnde, Kantr, and Celrr (Fig. 2 ).
In the adult brain, Ptgs2os2, an immune response-activated lncRNA located proximal to the Prostaglandin-endoperoxide synthase 2 gene (Ptgs2) (17, 28) , is expressed in the neocortex, hippocampus, and thalamus ( Fig. 2A and Dataset S2). In the cortex, its expression profile resembles the distribution of excitatory pyramidal neurons in layers II/III and IV ( Fig. 2A , Inset) (2). In the hippocampus, Ptgs2os2 is expressed in the CA1, CA2, and CA3 stratum pyramidale ( Fig. 2A) .
Similarly, multiple regions of the adult brain express Crnde. This lncRNA, which shares a bidirectional promoter with the Iroquois homeobox gene Irx5, is expressed in distinct nuclei of the hypothalamus (Fig. 2B , Inset). It is also weakly expressed in the adult ependymal layer of the lateral and third ventricles and in the habenula (Dataset S2).
We observed a distinct expression pattern in the adult brain for Kantr, a lncRNA located ∼20 kb downstream of the histone demethylase gene Kdm5c on the X chromosome. We find that Kantr is expressed in the adult neocortex, hippocampus, thalamus, and hypothalamus ( Fig. 2C and Dataset S2). Within these regions, Kantr expression is spatially restricted to defined subregions. For example, in the hippocampus it is expressed largely in the CA1 stratum pyramidale (Fig. 2C , Inset), a region containing excitatory pyramidal neurons of different physiological and molecular identities (29) (30) (31) .
Finally, we found that the lncRNA Celrr, located proximal to the Insulin-induced gene 2 (Insig2), is specifically expressed in the adult substantia nigra, where it colocalizes with tyrosine hydroxylase-positive (TH + ) dopaminergic neurons (Fig. 2D) . Collectively, these findings indicate that lncRNAs can have very precise and restricted spatial expression in key structures of the adult brain. This broad catalog of brain images of lncRNA gene expression provides a unique resource to facilitate future investigation.
Gene-Expression Perturbations in Mutant Brains. We next asked whether the deletion of these specific lncRNA genomic loci, while maintaining the act of transcription, contributed significantly to changes in gene expression. To address this question, whole brains from a minimum of three homozygous KO mice per strain were collected at both E14.5 and adult stages (age range 7.9-13.6 wk) (Dataset S3). Whole brains from WT E14.5 littermates and adults (age range 7.9-14 ± 2.0 wk) were also collected as control. To avoid potential sources of bias in sample collection and preparation, KO and WT brains were selected for each strain to maintain a balanced experimental design with respect to sex, litter (E14.5 only), and genetic background (Dataset S3). RNA was isolated from each sample as detailed in Materials and Methods and was used as input to generate Illumina TruSeq libraries.
Libraries were indexed and sequenced on the Illumina HiSeq 2500 platform across multiple flow cells, generating a total of 1.385 × 10 10 50-bp paired-end reads at a median depth of 1.18 × 10 8 aligned reads per sample (Dataset S4). Reads were mapped and quantified as described in Materials and Methods and SI Materials and Methods. For quantification, a modified version of the GENCODE (vM2) transcriptome (Dataset S5) was used as a reference. For quality control, a preliminary expression analysis was conducted on all samples using Cuffnorm.
Through a combination of expression analysis and visual inspection of the RNA-seq read alignments to the presumptive deleted regions, we confirmed the genotype and sex of each lncRNA KO and WT sample (Dataset S6). Following this "digital genotyping" via lacZ expression, the 109 remaining samples passing our quality control were subjected to differential analysis using Cuffdiff2 (v2.2.1).
We first conducted a global analysis across all strains. Differential transcriptional regulatory events were aggregated from all pairwise lncRNA KO versus WT comparisons across all strains at E14.5 or adult time points. For both time points, we observed exceptionally low variability across all conditions with a moderate increase in cross-replicate variability at E14.5 (Fig.  S1 ). To identify lncRNA KO strains with similar differential expression profiles, hierarchical clustering of either E14.5 or adult samples was performed using the Jensen-Shannon distance across the normalized expression profiles for the universe of differentially expressed genes in all pairwise comparisons. We observed a greater total number of differentially expressed genes at E14.5 (n = 2,389) than in the adult comparisons (n = 669) (Fig. S2A) . Similar results were observed for differential isoforms and protein-coding sequences (CDS) (Fig. S2A) . In adults, most lncRNA mutant strains demonstrated some significant transcriptional regulatory events, but the total number of differentially expressed genes, isoforms, and CDS was lower than observed at E14.5 for individual strains (Fig. S2A) . Approximately 10% of the significant genes (n = 214), isoforms (n = 124), and CDS (n = 192) identified at E14.5 were also differentially expressed in the adult comparisons (Fig. S2B) .
Next we globally assessed the gene pathways perturbed upon deletion of lncRNA loci in vivo. Gene ontology (GO) enrichment analysis was performed for the superset of differentially expressed genes at both E14.5 and adult stages. We observed a significant enrichment of gene sets associated with neuronal differentiation and cell fate commitment at E14.5 alongside gene sets associated with cell-cycle regulation (Fig. S2C ). This finding is congruous with the observed expression of several lncRNAs in various germinal zones of the developing brain ( Fig. 1 A, C , and G). In adult mice, the top significant GO gene sets included positive and negative regulators of cell differentiation and gene sets associated with PDGF and MAPK signaling pathways (Fig. S2D) .
We further investigated the individual lncRNA mutant strains to determine which specific gene-expression pathways and programs are perturbed between WT and KO mice. We conducted differential expression analysis on individual KO versus WT comparisons for each strain at both E14.5 and adult time points. In these analyses, pathway and gene set enrichment studies were conducted using publicly available tools and annotated gene sets (detailed in SI Materials and Methods and Dataset S7).
One of the most abundant lncRNAs within this cohort is Kantr. Deletion of the Kantr locus results in a significant increase in gene sets involved in extracellular matrix organization, Ncam1 and L1cam interactions, NOTCH signaling, NGF and PDGF signaling, axon guidance, and neuronal development in the E14.5 brain (Fig. S3 A and B) . We also observed significant enrichment for gene sets associated with neurodegeneration (oxidative phosphorylation, Alzheimer's, Huntington's, and Parkinson's disease) (Fig. S3B ). In the adult mouse brain, deletion of the Kantr locus resulted in a significant increase in gene sets associated with axon guidance and PDGF signaling.
In (Fig. S3 C and D) . We also observed a significant down-regulation of genes with predicted binding sites in their upstream regulatory regions for the E2F family of transcription factors, known to influence cell-cycle progression (Dataset S6) (32) . In adult Crnde −/− mouse brains, cell-cycle genes are no longer differentially expressed. However, an oncogenic signature gene set (MSigDB C6) that is up-regulated in cancers with overexpressed E2F3 remained significantly down-regulated relative to WT mouse brains.
Consistent with our observation that Peril is expressed in regions associated with neural stem and progenitor cells in both E14.5 and adult mouse brains ( Fig. 1 G and H) , deletion of the Peril locus (Fig. S2D) revealed specific effects on cell-cycle gene sets and key pathways involved in neural stem cell maintenance and differentiation. At E14.5, Peril −/− brains were enriched for genes associated with SHH and TGFβ/WNT signaling pathways and demonstrated a significant increase in the neural stem cell marker genes Notch1-3, Pax3, and Nestin (Fig. S2 E and F) . Additionally, we detected a significant down-regulation of the VTel-restricted progenitor marker genes Dlx1, Dlx2, and Dlx5 (33, 34) relative to WT brains (Fig. S2E) . Interestingly, and unlike E14.5 brains, adult brains of Peril −/− mice have a significant and specific reduction in the expression of the canonical neural progenitor marker Nestin and the cyclin-dependent kinase inhibitor Cdkn1a (p21) (Fig. S2G) .
These select examples highlight the breadth of information available in this RNA-seq dataset. Detailed reports for each KO versus WT brain comparison at E14.5 and adult time points are provided for each individual lncRNA locus in Dataset S6.
Cis Transcriptional Regulatory Dynamics of Specific lncRNA Loci.
Because many lncRNA genes have been implicated in cis-regulatory functions (35) (36) (37) (38) , we asked whether we could observe any significant changes in expression from the local genomic region neighboring the selected lncRNA loci. We first asked whether we could observe a bias in the transcriptional output of these loci as a result of replacing the endogenous lncRNA with our lacZ reporter. To determine whether the expression level of the knocked-in lacZ reporter was similar to that of the endogenous lncRNA, we compared expression levels for lncRNAs across all WT samples with the lacZ reporter gene from each KO strain. We found that lacZ mRNA expression is positively but not strongly correlated with endogenous lncRNA expression (r 2 = 0.4555; E14.5 = 0.47; adult = 0.29) (Fig. 3A) . Although lacZ mRNA in several of the mutant strains such as Crnde −/− demonstrated expression levels consistent with that observed for the endogenous lncRNA (Fig. 3A) , other strains exhibited more disparate expression levels. For example, lacZ was detected at higher levels than endogenous Lincenc1 and Peril when comparing KO with WT.
Next, we assessed the effect of each lncRNA locus on its local genomic environment by examining whether ablation of the lncRNA gene affected the expression of the closest protein-coding gene. For each strain and time point, we analyzed the KO vs. WT differential expression of nearest-neighbor protein-coding genes ( Fig. 3B and Fig. S4 ). In 5 of the 13 mutant strains, deletion of the lncRNA genomic locus significantly affected the expression of the adjacent protein-coding gene at one or both time points (Fig. S5) . We extended this analysis to the local 4-Mb flanking regions and identified several lncRNA loci with multiple differentially regulated genes in cis. We next asked whether this finding could represent a significant regional cis-regulatory effect as a result of the loss of the lncRNA locus. We detected five instances corresponding to four lncRNAs that demonstrated a significant (P < 0.05; bootstrap test) regional effect ( Fig. 3D and Fig. S4 ). Interestingly, the majority of conditions, including those with a significant impact on the entire transcriptome, demonstrated no significant cis-regulatory effect. Collectively, these data point to variability among different lncRNAs regarding transcriptional regulation of neighboring loci. Further mechanistic work will be required to define cis regulation by each of the lncRNAs described here.
Differential Regulation and Spatial Distribution of lncRNAs Derived
from the Pou3f3 Genomic Locus. To gain specific insights into the distinct transcriptional programs that establish spatiotemporal segregation of lncRNAs within the brain, we focused on two lncRNAs, Pantr1 and Pantr2, that flank both sides of the POU-domain gene family member Pou3f3 (Brn1), a key transcription factor involved in cortical development (39, 40) . Pantr1 shares a bidirectional promoter with Pou3f3, whereas Pantr2 is located ∼13.2 kb downstream of Pou3f3 in the opposite orientation (Fig. 4A) .
We first compared the gene-expression perturbations in Pantr1 and Pantr2 KO mice relative to WT mice. RNA-seq quantification indicated no significant effect on the expression level of Pou3f3 in either Pantr1 −/− or Pantr2 −/− E14.5 or adult mouse brains (Fig. 4B) . However, we observed that loss of the Pantr1 genomic locus resulted in a significant, albeit modest, increase in the expression of Pou3f1, Pou3f2, and Pou3f4 in the E14.5 brain (Fig. S6) .
Conversely, deletion of the Pantr2 locus did not result in significant changes in expression of these paralogous regions.
Generally, we observed that, relative to all other lncRNA mutant mouse strains, the loss of the Pantr1 locus resulted in the most dramatic effects on the transcriptome of the whole brain at E14.5 (Fig. S2A) . Notably, ablation of the Pantr1 locus resulted in significant up-regulation of the neuronal progenitor markers Ascl1, Nestin, Otx2, Notch1, Notch3, Msi1, Pax3, and Pax6, and significant down-regulation of mature neural cell-type markers including many canonical astrocyte markers such as Gfap, S100b, Aldh1l1, Fabp7, and Gap43 (Dataset S6). The observation that Pou3f3 and neighboring gene loci are not significantly affected in either Pantr1 −/− or Pantr2 −/− brains suggests that this effect may not be cis-mediated.
Interestingly, despite their genomic proximity to Pou3f3, we observed strikingly different expression patterns for these two lncRNAs in the adult brain. Although Pantr1 is strongly expressed in layers II/III-IV and at lower levels in layers V-VI (Fig. 4C, Upper) , Pantr2
+ cells are present only in low numbers in layer V (Fig. 4C, Upper) . Similar differences are found in the hippocampus, where Pantr1 is strongly expressed in the pyramidal layer of CA1 and CA2, whereas Pantr2 is faintly present in a few scattered cells (Fig. 4C, Lower) . Conversely, Pantr2 is very strongly expressed in the medial habenular nucleus, where Pantr1 is almost completely absent (Fig. 4C, Lower) . These results, in conjunction with the previously demonstrated role for Pantr2 in the development and organization of the neocortex (12) , suggest that loss of the Pantr1 and Pantr2 loci may impact neuronal development programs via distinct cellular and contextspecific mechanisms. Collectively, these examples demonstrate the utility of tracking lncRNAs during development and monitoring perturbations in gene expression upon their deletion to facilitate the selection and development of additional experiments to disentangle the molecular mechanisms of these loci.
Discussion
We have explored the spatiotemporal expression patterns of 13 lncRNA genes and analyzed gene-expression changes resulting from the deletion of each locus at the whole-brain level. The publicly available resource of spatial lncRNA expression patterns and differential RNA-sequencing data generated in this study provides an initial map to facilitate the understanding of lncRNA loci in the development and function of the mammalian brain.
Although many strategies for genetic loss-of-function studies exist, the whole-gene ablation method used here is often a first approach to determine the functionality of a locus irrespective of its molecular nature. Although each of these loci contains a lncRNA, it is important to consider that any observation resulting from this strategy could reflect the loss of any regulatory element in the deleted region. Thus, we do not ascribe the expression perturbations identified in this work to a functional lncRNA molecule but rather to the genetic locus containing the targeted lncRNA. Despite this limitation, one advantage of this approach is the incorporation of the lacZ reporter, which can be used to determine the precise expression patterns of the lncRNA within the tissue. Moreover, because the reporter maintains transcriptional activity at the locus, it also serves to control, on some level, for phenotypes resulting from the loss of transcription.
Many questions remain as to the global mechanistic roles for lncRNA transcripts in regulating gene activity. The rate of lncRNA gene discovery has significantly outpaced our ability to evaluate both the physiological significance and function of these genes. It is difficult to predict whether the loss of any particular lncRNA locus will present a phenotype, but crucial information on the spatiotemporal dynamics of expression from each locus can provide significant direction and focus to downstream mechanistic studies by highlighting those loci most likely to have a physiological impact. Genetic approaches such as the geneablation method used in this study, and more broadly in large efforts such as the Knockout Mouse Project (KOMP) (41) and the International Knockout Mouse Consortium (IKMC) (42) , have proven utility in determining if a genomic locus has any biological role even if broadly defined as the sum of multiple regulatory elements.
More studies now have used whole-gene ablation to determine whether a lncRNA locus contributes to a particular phenotype or, as in the case of Visc-2, whether a lncRNA whose expression pattern in the developing brain is highly conserved across mammals results in no overt phenotype (43) . The results from these wholegene ablation studies inform the selection and focus of future studies to dissect a given locus further into its functional elements. It is important to note, however, that this approach cannot ascribe any observed biological activity to a functional lncRNA transcript, particularly in the absence of rescue experiments. Other in vivo loss-of-function approaches have also been applied to address the question of lncRNA functional roles (11, (44) (45) (46) (47) (48) . However, it is important to stress that no single method exists that can account for all possible mechanisms of action of a noncoding locus (49) . Within these limits, the phenotypes observed after ablation of specific lncRNA loci confirm that expression of this class of noncoding RNAs can serve as a proxy signal to identify functional genomic loci with physiological relevance to disease and development (12) , independent of whether this activity is directly ascribed to a functional lncRNA molecule. For example, the perturbed pathways most commonly affected by knocking out the lncRNA loci analyzed here suggest that some of our mutant strains may have defects in neuronal differentiation during development.
The cellular heterogeneity of the mammalian brain can confound interpretation of RNA-seq studies of the whole brain for lncRNAs with discrete spatial expression. Examination of the whole brain allows the detection of very strong effects that result from the deletion of a genomic locus, including indirect effects in cell types that do not express the lncRNA in question. However, ablation of the lncRNA locus may have a direct impact on a relatively small population of cells, resulting in signal dilution over the entire brain. This limitation can be addressed only by transcriptional profiling of purified populations of cells. Despite the known cellular heterogeneity of the brain samples that we profiled, we observe large transcriptional impacts in several mutant strains (e.g., Kantr, Pantr1, and Peril), suggesting either a broad effect across multiple cell types or strong differential expression within a cell population. Although this lack of resolution can make direct interpretation of gene-expression perturbations difficult, it can be useful for identifying broad trends in differential transcriptional regulation and can begin to provide a picture of the impact of specific lncRNA loci within the developing and mature brain. In the future, sequencing of specific subpopulations of cells from these mutant strains should identify additional affected pathways. The availability of expression profiles for lncRNAs, as provided here, will aid in the selection of specific populations of cells for purification.
Our differential RNA-seq analysis provides biological contexts and interpretations that are, in most cases, borne out by the selective and specific positive β-gal stains. Thus, the combination of spatiotemporal in vivo expression and differential analysis can provide additive contextual clues and permit future hypothesisdriven analyses that can be used to determine whether a functional role exists in neural development and disorders for these lncRNAs.
The power of this combinatorial approach is apparent in several lncRNA mutant strains. For example, Peril RNA-seq and β-gal staining both suggest that this lncRNA is expressed in neural stem cell populations and may have a significant impact on their biology. Embryonically, Peril is expressed in regions containing neural progenitor cells. This distribution is maintained in Peril +/− adult mice, with β-gal + staining observed in the ependymal lining of the ventricles (Fig. 2) and in the dentate gyrus of the hippocampus (Dataset S2), both regions that are associated with adult neurogenesis (50) (51) (52) . Consistent with these expression patterns, RNA-seq analysis of the Peril −/− embryonic brain showed misregulation of cell-cycle genes critically important for proper maintenance and differentiation of neural progenitors (53) . In adult whole brains, Peril −/− mice maintain a significant misregulation of Nestin (Fig. S2G) . Interestingly, Peril −/− whole brains demonstrate a significant reduction in Cdkn1a (Fig.  S2G ) relative to WT, and the specific loss of this protein has been shown to induce premature terminal differentiation and quiescence in adult neural stem cells (54) . The Pou3f3-locus lncRNAs Pantr1 and Pantr2 provide other notable examples in which the in vivo expression pattern combined with RNA-seq analysis provides intriguing insights. We previously have demonstrated a functional role for the Pantr2 lncRNA locus in contributing to development of the neocortex in mice (12) . However, the mechanism by which this locus mediates this effect remains unclear. Modulation of Pantr1 has been shown to affect Pou3f3 expression levels in cancer cells (55) . However, in the context of whole-brain expression analysis in E14.5 and adult mutant mice, we observe no significant effect on the expression of the neighboring Pou3f3 gene for either Pantr1 −/− or Pantr2 −/− (Fig.  4B) . Surprisingly, loss of the Pantr1 locus resulted in a significant, albeit modest, increase in the expression of the other POU3-family paralogs located on different chromosomes. These genes may act redundantly to coordinate neurogenesis cellular identity and migration in the developing cortex (39) . Thus, although speculative at this stage, the Pantr1 locus might act to regulate coordinately the cellular processes governed by the POU3-family genes during brain development.
Our lncRNA KO strains are comprised of deletions of varying distance from the target promoter. However, we found no obvious trend related to gene-targeting design that could justify the discrepancy in some strains between lacZ expression levels in the brain and WT lncRNA levels. It is also important to note that the knocked-in lacZ reporter is driven off the endogenous lncRNA promoter and thus, in theory, experiences the same transcriptional regulatory dynamics as the lncRNA.
Here we have identified several lncRNA loci whose ablation in vivo results in significant differential expression of local (± 2 Mb) or neighboring (immediately adjacent) protein-coding genes. Different mechanisms could be proposed for such effects. A first possibility is that these specific lncRNAs may act in cis. For example, Tug1 is expressed in the brain, and Tug1 −/− whole brains do show significant up-regulation of several proximal genes (Inpp5j, Selm, Rnf185, 8430429K09Rik), suggesting that this locus could exhibit cis-like regulatory effects.
A second possibility is that DNA regulatory elements are contained within lncRNA loci and that these elements are responsible for local gene regulation. A potential example for this modality is Trp53cor1 (linc-p21). We observed numerous differentially regulated protein-coding genes surrounding this locus in Trp53cor1 −/− adult brains (Fig. S4) . However, although this finding is consistent with a cis-regulatory effect for this locus (56), we did not detect expression of Trp53cor1 locus activity by β-gal staining or RNA-seq (Fig. 3A , Dataset S2, and Dataset S6). The absence of lncRNA expression combined with differential expression of surrounding genes points to a possible functional role for DNA elements within the locus. Of note, our KO strategy deletes a p53-binding motif a few base pairs upstream of the transcription start site of Trp53cor1. This observation suggests that this and potentially other DNA elements that reside within the Trp53cor1 locus may contribute to the local changes in expression levels.
Any investigation into the activity and impact of a lncRNA locus requires, as a foundational step, an examination of the in vivo expression patterns and resulting perturbations on gene expression in a loss-of-function context. In this study, we report the in vivo expression profiles for 13 lncRNAs during mammalian brain development and the consequent changes in gene-expression patterns after genomic ablation. However, the stable and reproducible production of an RNA transcript from a particular locus cannot be confounded with the assumption that this transcription results in a functional RNA molecule but rather serves as evidence of biological activity within the lncRNA locus. The precise molecular mechanisms then must be validated on a per-locus basis and require incorporating multiple genetic loss-and gain-of-function strategies. Here we provide a resource to facilitate further inquiry.
Materials and Methods
Mice were housed under controlled pathogen-free conditions in Harvard University's Biological Research Infrastructure. All procedures were carried out in accordance with the guidelines of the National Institutes of Health's Guide for the Care and Use of Laboratory Animals (57) and were approved by the Harvard University Committee on the Use of Animals in Research and Teaching.
Mouse Tissue Collection and Processing. LncRNA KO mice were generated in collaboration with Regeneron Pharmaceuticals by replacing the selected lncRNA gene with a lacZ reporter cassette as previously described (12) . For β-gal expression, E14.5 whole brains were harvested from embryos fixed by immersion in 4% (vol/vol) paraformaldehyde (PFA) at 4°C overnight. Adult brains were perfused with 4% (vol/vol) PFA and postfixed in 4% (vol/vol) PFA at 4°C for 12 h. For RNA isolation, E14.5 whole brains were homogenized in TRIzol (Life Technology) (1 mL per brain). Adult brains were snap frozen in liquid nitrogen, and stored at −80°C. Frozen brains were pulverized and homogenized in TRIzol (5 mL per brain).
β-Gal Staining and Immunostaining. Brain-wide expression of the lacZ reporter gene was assessed in all mutant strains by histochemical detection of β-gal (X-gal staining) in biological replicates. Sequential sections, obtained at every 80 μm for E14.5 brains and at every 240 μm for adult brains, were imaged at 5× and 10× magnification using a Zeiss Axio Scan.Z1, a Nikon 90i microscope equipped with a Retiga Exi camera (QIMAGING), or a Zeiss LSM700 confocal microscope. Immunohistochemistry for β-gal and immunostaining for the interneuron marker TH was performed using standard methods. Primary antibodies and dilutions were chicken anti-βgal (1:500; CGAL-45; ICL) and rabbit anti-TH (1:5,000; AB152; Chemicon). Appropriate secondary antibodies were from the Molecular Probes Alexa series. Images were acquired and processed with the Zen (Zeiss) or Volocity analysis software v4.0.1 (Improvision).
mRNA-Seq Library Preparation and Sequencing. For all samples, RNA-seq was performed as previously described (TruSeq RNA Sample Preparation Kit v2; Illumina) (12) . Libraries were sequenced using a paired-end, 50-bp readlength sequencing protocol (NWL Bauer Core, Harvard University FAS Center for System Biology). Sequencing reads were aligned to mm10 using Tophat2 (58) with the following additional parameters: -no-coverage-search -maxmultihits 10 -p 8. To standardize the analysis of each differential comparison, we created a report template that integrated components from several R/Bioconductor (59) packages as detailed in SI Materials and Methods.
